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uchichengyu@163Abstract Copper has been used as a strengthening element in newly developed Fe–Cr–Ni type
austenitic heat resistant steel for inducing Cu-rich phase precipitation to meet high temperature
strength requirement for 600 1C Ultra Super-Critical (USC) coal ﬁred power plants for many years.
However, the precipitation behavior and strengthening mechanism of Cu-rich phase in these
advanced austenitic heat resistant steels is still unclear. In order to understand the precipitation
strengthening behavior of Cu-rich phase and to promote high strength austenitic heat resistant steel
development, 18 Cr9 NiCuNb steel which is a Cu-added Nb contained advanced Fe–Cr–Ni type
austenitic heat resistant steel has been selected for this study to be aged at 650 1C till to 10,000 h.
Micro-hardness and room temperature tensile test were conducted after long-time aging. SEM,
TEM, HRTEM and three dimensional atom probe (3DAP) technology accompanying with
thermodynamic calculation have been used to investigate the Cu-rich phase precipitation behavior
during 650 1C aging. The experimental results showed that Cu atoms can quickly concentrate in
clusters at very early precipitation stage to form the ﬁne nano-size Cu-rich ‘‘segregation areas’’esearch Society. Production
reserved.
nese Materials Research
.002
62332884.
.com (C.-y. Chi).
C.-y. Chi et al.176within less than 1 h at 650 1C. With increasing aging time at 650 1C Cu atoms continuously
concentrate to Cu-rich segregation areas (clusters) and simultaneously other kinds of atoms such as
Fe, Cr and Ni diffuse away from Cu-rich segregation areas to austenitic matrix, and ﬁnally to
complete the transformation from Cu-rich segregation areas to Cu-rich phase. However, there is
only Cu atoms concentration but not crystallographic transformation from early stage of Cu-rich
clusters forming to the ﬁnal Cu-rich phase formation. Even the Cu atom becomes the main
composed element after 500 h aging at 650 1C the Cu-rich phase still keeps coherent relationship
with austenitic matrix. According the experimental results in this study, Cu-rich phase precipitation
sequence which starts from the Cu atom segregation followed by the Cu diffusing from matrix to
segregation areas and Fe, Cr and Ni atoms diffuse out from Cu-rich areas to matrix without
crystallographic transformation is proposed. The Cu-rich phase is the most dispersed phase and
contributes the most important strengthening effect among all precipitated phases (M23C6, MX and
Cu-rich phase). It has been found that Cu-rich phase is very stable and still keeps in nano-size even
for 10,000 h aging at 650 1C. The unique precipitation strengthening of Cu-rich phase in
combination with nano-size Nb-rich MX phase and grain-boundary M23C6 carbide contributes
excellent strengthening effect to 18 Cr9 NiCuNb austenitic heat resistant steel.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.1. Introduction
To meet large requirement of electricity all over the world with
the development of economy and continuous raising of
people’s living standard, as well as environmental protection,
result in steam parameters of coal-ﬁred power plants growing
up continuously from sub-critical (r560 1C) to 600 1C USC
(Ultra-Super-Critical) level and even higher to 700 1C A-USC
(Advanced Ultra-Super-Critical) level in the world. The con-
struction of 600 1C USC power plants has been speed up all
over the world, such as in China, Japan, Europe and USA
[1,2]. When the steam temperature is higher than 600 1C,
ferritic heat resistant steels which are widely used in traditional
power plants cannot bear as superheater/reheater tube materi-
als in USC power plants from the view point of creep strength
and steam corrosion as well as ﬁre-side oxidation resistance
properties. For this reason high temperature materials with
improved creep resistant strength and corrosion/oxidation
resistance properties over 600 1C are required, such as
advanced austenitic heat resistant steels and Ni-base super-
alloys. However, among these newly developed high tempera-
ture materials, austenitic type heat resistant steels are most
suitable for superheater/reheater tubes in 600 1C USC power
plants [3]. Nowadays, some advanced austenitic heat resistant
steels including TP347H, Super304H, HR3C, TempaloyA-1,
XA704, NF709, SAVE25, Sanicro25 steels were developed
from 18 Cr-9 Ni and 25 Cr-20Ni types austenitic stainless
steels. All of these austenitic heat resistant steels commonly
contain with Nb element for inducing MX phase precipitation
strengthening and are widely used (or to be used) as super-
heater/reheater tubes in 600 1C USC power plants all over the
world [4–8]. In order to further increase high temperature
strength, Cu has been added in some of above mentioned
austenitic steels to gain distinct Cu-rich phase precipitation
strengthening effect, such as Super304H, TempaloyAA-1,
SAVE25 and Sanicro25 steels.
It is well known that precipitation strengthening is the main
strengthening method for these advanced austenitic heat
resistant steels. Many papers have reported the precipitation
behavior and its strengthening effect of MX phase in theseaustenitic steels [9,10]. However, up to now detail study on
nano-size Cu-rich phase precipitation strengthening effect in
this kind of austenitic heat resistant steels is still rare [11,12].
Especially, the early stage precipitation behavior and Cu-rich
phase formation sequence in austenitic matrix is still not
clariﬁed.
Cu as a strengthening element was ﬁrst applied in Al-alloys
about one hundred years ago, and this is also the ﬁrst time of
discovery precipitation hardening phenomenon in Al–Cu
system alloy [13]. Guiner & Preston conﬁrmed the strengthen-
ing phase in Al–Cu alloy precipitated by the sequence of G.P.
zone-y0 0-y0-y in 1938. Base on this important hardening
effect of Cu-rich phase precipitation, series of high quality Al-
alloys such as Al–Mg–Cu, Al–Mg–Ag–Cu alloy have been
developed and applied in engineering ﬁeld [14,15]. Cu phase
age hardening steel is also of considerable commercial impor-
tant due to its good strengthening effect and unique mechan-
ical properties. Up to now most of papers have focused on Cu-
rich phase precipitation behavior in a-Fe base ferritic steels.
The precipitation sequence, structure and composition of Cu-
rich phase in ferritic matrix have been studied by different
analysis technologies, such as ﬁeld-ion microscopy (FIM) [16],
atom probe ﬁeld-ion microscopy (APFIM) [17], atom-probe
tomography (APT) [18], transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) [19], extended X-ray absorption ﬁne structure
(EXAFS) [20], X-ray absorption spectroscopy (XAS) [21],
small-angle X-ray scattering (SAXS) [22], and computer
simulations [23]. It is commonly recognized that Cu-rich phase
precipitation in a-Fe is a complex crystal structure transfor-
mation process. It begins with the formation of coherent
copper-rich clusters then subsequently transforms to 9 R
crystallographic structure which is an intermediate, twinned
and faulted, closed-packed structure, with the lasting of aging
time it transforms to another intermediate structure known as
3 R with three atom layers repeat character, at last to form
stable fcc Cu phase precipitates in a-matrix [24,25].
Addition of Cu to austenitic steels for Cu-rich phase
precipitation strengthening has been developed for many years.
However, the precipitation sequence in these advanced
Fe–Cr–Ni type austenitic heat resistant steel for USC power plant application 177austenitic steels is confused, especially at early stage of precipita-
tion. Cu-rich phase is very difﬁcult to be observed due to its extra-
ﬁne size (only several nanometers). For example, 18 Cr9Ni3-
CuNbN (Super304H) austenitic heat resistant steel is one of these
typical Cu-added Nb containing advanced 18 Cr-9Ni system
austenitic heat resistant steels with good high temperature
performance especially with outstanding high temperature creep
strength at 650 1C [26,27]. Its stress rupture strength at 650 1C is
20% higher than that of TP347H which is similar in chemical
composition to Super304H but without Cu addition [28]. Its
corrosion/oxidation resistance is superior to TP321H at high
temperatures [29]. 18Cr9Ni3CuNbN austenitic heat resistant steel
has been widely used as superheater/reheater tubes in 600 1C
USC power plants all over the world for many years [30].
However, the microstructure evolution and the relationship
between microstructure evolution and high temperature strength
during long-time aging, especially the most concerned Cu-rich
phase precipitation behavior in this kind of austenitic heat
resistant steel are not very clear.
In order to deeply understand Cu-rich phase precipitation
strengthening mechanism, a typical Cu-added heat resistant
steel 18Cr9Ni3CuNbN was selected for this paper to study
Cu-rich phase precipitation sequence and its strengthening
effect during the long time aging at 650 1C. SEM, HRTEM
and three dimensional atom probe (3DAP) techniques were
used to analyze the nano-size phase formation in combination
with Thermal-calc calculation and mechanical property tests.
The precipitation sequence and strengthening effect of Cu-rich
phase in this type austenitic heat resistant steel have been
discussed in detail.U
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Fig. 1 The change of micro-hardness (in grains), ultimate tensile
strength and elongation of 18Cr9Ni3CuNbN heat resistant steel
at 6501C long time aging till 8000–10,000 h.2. Experiments
The investigated 18Cr9Ni3CuNbN steel samples were cut from
commercial tube product with the size of +60 4 mm. Its
chemical composition is as follows (in mass%): 0.08C, 0.23Si,
0.80Mn, 0.027P, 0.001S, 9.5Ni, 18.5Cr, 2.81Cu, 0.51Nb, 0.11N,
0.0034B, with the balance of Fe. The steel samples were solution
treated at the high temperature of 1150 1C, then water quenched
to prevent phase precipitation during cooling. In order to examine
long-time precipitation behavior, aging treatments were conducted
at 650 1C from 1 h to 10,000 h.
Thermodynamic calculation was conducted by Thermal-
Calc software base on Fe-base database. The samples with
solution treatment and aging were investigated by SEM,
TEM, HRTEM and 3DAP. Specimens for TEM and HRTEM
thin foil examination were prepared by twin-jet electro-
polishing method with 10% perchloric acid of ethanol solu-
tion, and the thinning temperature is about 20 1C. The TEM
specimens were analyzed by JEM2010F. In order to produce tips
for 3DAP samples, small rods (0.5 mm 0.5 mm 20 mm) were
ﬁrst cut from the investigated steel; then the rods were prepared
as sharp needles by standard two-stage electro-polishing process
[31]. Atom probe analyses were performed by GENERA-
TION3.3 type three dimensional atom probe equipment at the
tip temperature of about 60 K under an ultra-high vacuum
condition (lower than 1 108 Pa) with a pulse repetition rate of
500 Hz. The analyzed results were performed by PosAP special
software.
The micro-hardness was determined at Leica VMHT 30 M
type micro-harness testing equipment. Room temperaturetensile tests were conducted by means of universal tensile
testing machine. The fracture sample surfaces were analyzed
by CAMBRIDGE S-360 SEM immediately after the
tensile tests.3. Results and discussions
3.1. Mechanical properties
The results of mechanical properties for 18 Cr9Ni3CuNbN
heat resistant steel are shown in Fig. 1 as a function of aging
time at 650 1C. From the experimental results of Fig. 1 it can
be found that the micro-hardness in grains ﬁrst increased
rapidly upon aging, and its value increased from 185 Hv at
solid solution treatment condition to the high value of 245 Hv
for 1000 h aging. This micro-hardness value increased about
one third compare with that of solid solution treatment
condition. Then the micro-hardness of 18Cr9Ni3CuNbN heat
resistant steel steadily kept at high value about 240 Hv till
8000 h. It shows a very effective hardening effect in grains of
18Cr9Ni3CuNbN heat resistant steel during 650 1C long time
aging till 8000 h.
The room temperature ultimate tensile strength of 18Cr9Ni3-
CuNbN heat resistant steel after 650 1C long time aging also
increased rapidly from the beginning of aging and kept a similar
tendency as micro-hardness change, as shown in Fig. 1. Its value
kept around 700 MPa till 10,000 h. Although the room tem-
perature ultimate tensile strength was increasing with aging time,
but the plasticity did not drop as shown in Fig. 1. The
elongation data almost kept steadily at about 40% even after
10,000 h aging which represents a very good ductility. It means
that the increment of strength is not in the lost of plasticity as
happening in most steels. These results show a typical classic
precipitation hardening behavior of 18Cr9Ni3CuNbN heat
resistant steel during 650 1C long time aging.
The fracture surfaces morphology of 18Cr9Ni3CuNbN
steel aged at 650 1C for different times are shown in Fig. 2.
The fractography of the solution treatment sample represents
a ductile fracture mode with plastic-deformed dimples (see
Fig. 2(a)). With the lasting of aging time, as shown in Fig. 2(b)
and (c), the fracture mode did not change and it still exhibited
10µm
Fig. 2 SEM fractography of 18Cr9Ni3CuNbN steel aged at 650 1C: Solid solution treatment (a), 1000 h (b) and 10,000 h (c).
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Fig. 3 Equilibrium phase diagrams of 18Cr9Ni3CuNbN steel calculated by Thermal-Calc software (a) and partial magniﬁed phase
diagram (b).
Table 1 Equilibrium phases and their solution temperatures for Super304H steel.
Phase MX M23C6 Cr2N Cu-rich s
Solution temperatures (1C) 1360 936 877 844 730
C.-y. Chi et al.178ductile type fracture character even aging for 10,000 h. The
fractography of 18Cr9Ni3CuNbN steel show a typical trans-
granular fracture during 650 1C long time aging.3.2. Thermodynamic calculation
Fig. 3(a) is the equilibrium phase diagram of 18Cr9Ni3-
CuNbN heat resistant steel calculated by Thermal-Calc soft-
ware, the corresponding partial magniﬁed diagram is also
shown in Fig. 3(b). Fig. 3 shows typical precipitation
strengthened austenitic heat resistant steel with g, Cu-rich,
M23C6, MX, Cr2N and s phase at 650 1C. Table 1 shows the
equilibrium phases in this steel under different solution
temperatures. It is worth to note that the solution temperature
of MX is very high. Cu-rich phase, M23C6 phase and MXphase rich in Cu, Cr and Nb, respectively, are the three
precipitation strengthening phases in this steel. The mole
fraction of Cu-rich phase is about 1.5% at the thermal
equilibrium condition, which is similar to the mole fraction
of M23C6 (1.7%) phase. However, the mole fraction of MX
phase is only about 0.8%, shown in Fig. 3(b). It shows that the
fraction of Cu-rich phase is higher than the fraction of MX
phase, suggesting that Cu-rich phase contributes more
strengthening effect than MX phase for this steel. The
calculated results showed that the brittle s phase and Cr2N
phase can be also existed at equilibrium condition, and it is
perty degradation in this steel [32,33], but s and Cr2N phases
usually form after very long-time aging, and therefore the
existence of the small amount of brittle s and Cr2N phases in
the steel may not affect the mechanical properties of the steel
obviously.
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3.3.1. SEM analyses
Typical SEM images of 18Cr9Ni3CuNbN heat resistant steel
after aging for different length of time are shown in Fig. 4.
Fig. 4(a) is the SEM image of 18Cr9Ni3CuNbN heat resistant
steel after high temperature solid solution treatment. It has
been found that the microstructure of the samples character-
ized as equiaxed austenite grains with a few coarse particles
randomly distributed in grains and partially at grain bound-
aries, and the size of these particles were in the range of 1 to
3 mm. There are also some spherical small particles distributed
in grains with the size of about 0.1 mm. Energy-dispersive
spectroscopy (EDS) analyses revealed that two kinds of
particles both mainly contain with niobium. Thermal-Calc
assistant calculated results exhibited in Fig. 3 show that the
solution temperature of MX phase precipitation is about
1360 1C which is higher than the melting point of 18Cr9Ni3-
CuNbN steel, suggesting that these coarse particles randomly
distributed in this steel belong to Nb-rich MX type inclusions
directly formed during solidiﬁcation. And the spherical small
Nb-rich MX type particles precipitated and grew up during
hot working but could not be completely dissolved after high
temperature solution treatment. This phenomenon is also
reported by Sourmail [9].
Fig. 4(b) is the SEM images of 18Cr9Ni3CuNbN heat
resistant steel after exposure at 650 1C for 1000 h. It is clearly
shown that Cr-rich M23C6 carbide which identiﬁed by EDS
analysis precipitated at grain boundaries. Fig. 4(c) shows that
the size of M23C6 carbides at grain boundaries are increasing
with aging time and they have contacted to each other to form
chain-like precipitates after 650 1C/3000 h aging. Except the
primary MX phase or undissolved small size MX phase
precipitates before aging, there were some very ﬁne precipi-
tates in grains which were rich in Nb suggested as Nb-rich MXFig. 4 SEM images of 18Cr9Ni3CuNbN heat resistant steel aging at s
(b), 3000 h (c).phase detected by EDS have been formed aging at 650 1C after
1000 h. However, the resolution of SEM was not high enough
to detect the ﬁnest Cu-rich phase particle even after very long-
time aging. Therefore TEM and 3DAP with higher resolution
had to be used to do more elaborate observation.
3.3.2. TEM analyses
Fig. 5 shows the TEM images of 18Cr9Ni3CuNbN heat resistant
steel aged at 650 1C for different length of time. A kind of nano-
size spherical precipitated phase distributed homogeneously in the
grains after aged at 650 1C just for 100 h as shown in Fig. 5(a).
These nano-size precipitates have been detected by TEM, how-
ever, the interphase of this nano-sized phase with matrix was still
not very clear since the sizes of these nano size particles were too
small to be detected by normal TEM. It was observed theat after
aging for 500 h, M23C6 carbides distributed along the grain
boundaries and MX carbonitrides with more than 100 nm size
heterogeneously distributed in grains could be clearly observed, as
shown in Fig. 5(b). However, there were much smaller spherical
phase with the size of about 8 nm and higher density than MX
phase distributed in the grain as shown in Fig. 5(c). These nano-
size particles grew slowly and kept in very high density
(84.5 1012 n/m2) under the aging condition at 650 1C for
1000 h, as shown in Fig. 5(d). The average size of this phase
was only about 14 nm which is much smaller than MX phase. By
comparing EDS spectrum corresponding to nano-size particles
and matrix aged at 650 1C for 1000 h as shown in Fig. 5(e) and
(f), it clearly shows that these densely distributed nano-size
particles containing with high content of Cu. It may be conﬁrmed
that these nano-sized precipitates in grains were Cu-rich phase.
Cu-rich phase remained in spherical type and high density
distribution from the beginning to the long time aging at 650 1C.
TEM study showed that even the size of Cu-rich phase was
more than 30 nm when aged for 10,000 h, the selected area
electron diffraction (SAED) pattern was not shown extraolid solution treatment condition (a) and aged at 650 1C for 1000 h
50nm
20nm 500nm 50nm
Fig. 5 TEM images of 18Cr9Ni3CuNbN heat resistant steel aged at 650 1C for 100 h (a), 500 h (b) (c),1000 h (d), and EDS spectrum
corresponding to the nano-size precipitate (e) and matrix (f).
C.-y. Chi et al.180sports corresponding to Cu-rich phase. The results of SAED
showed that the Cu-rich precipitates had the same FCC
crystallographic structure as the g-matrix. In fact pure Cu
has a same FCC crystalographic structure with austenitic
matrix, and their lattice parameters are very similar (aCu:
3.6153 A˚, ag: 3.5698 A˚). Fig. 6 shows HRTEM image of Cu-
rich phase after aging at 650 1C for 1000 h. There are two
globular Cu-rich phase particles contacted to each other and
their average size was about 10 nm only. The interplant spacing
of (1 1 1) in Cu-rich phase is 0.2071 nm which is very close to
the space of (1 1 1) in g-matrix (0.2061 nm). The HRTEM
image shows there are not any discontinuity in lattice fringes
across the precipitate/matrix interface, conﬁrming that the Cu-
rich phase has same crystallographic structure and similar
lattice parameter in comparison with g-matrix. Cu-rich phase is
coherent with g-matrix and its crystalographic relationship
between Cu-rich phase and g-matrix is (1 1 1)Cu-rich//(1 1 1)g.Fig. 6 HRTEM image of Cu-rich phase in 18Cr9Ni3CuNbN
heat resistant steel aged at 650 1C for 1000 h.3.3.3. 3DAP analyses
The three dimensional Cu atomic reconstructed map of
18Cr9Ni3CuNbN heat resistant steel sample in the volume
of 10 nm 10 nm 70 nm at 650 1C aged for different length
of time are displayed in Fig. 7. Each dot represents a single Cu
atom. Fig. 7(a) is the Cu atomic reconstructed map after
solution treatment. It shows that all Cu atoms have solved and
they were homogeneously distributed in austenitic matrix.
However, just after 1 h aging at 650 1C, Cu atoms have
concentrated to form ‘‘Cu-rich segregation areas’’ (about
1.5 nm in average radius) which homogeneously distributed
in austenitic matrix (see Fig. 7(b)). Each of the Cu atom
segregation areas composed of different atoms from tens to
hundreds, and the component elements were mainly of Cu and
partially Fe, Cr, Ni atoms. The results of Fig. 7(c) to (e) showthat the average size of Cu-rich segregation areas or Cu-rich
phase particles are increasing while their distribution densities
are decreasing with aging time. When the specimen was aged
till 1000 h the Cu-rich phase particle was larger than the
analyzed volume and it was partially intercepted. However,
this Cu-rich phase particle size is still very small and its radius
is about 3 nm only as shown in Fig. 7(e).
Fe–Cr–Ni type austenitic heat resistant steel for USC power plant application 181The equaled radius of Cu-rich phase particle and its density
can be calculated by following equations according to the
reference [34]. The radius (R) of a precipitate contained with n
atoms in reconstruction is equaled to the radius of the volume
equivalent sphere:
R¼ 3
4p
nO
f
 1=3
ð1Þ
where O, the atomic volume, is 1.212 102 nm3 for FCC Fe;
f, the overall detection and reconstruction efﬁciency, has been
estimated to be 0.5. The value of atom number n belongs to a
precipitate.
The density of the distribution of discrete particles Nv can
be calculated from the number of particles observed Np in theFig. 7 Cu atomic mapping of Super304 H after solution treatment
(a) and aged for 1 h (b), 100 h (c), 500 h (d) and 1000 h (e) at 650 1C
(size of selected box is 10 nm 10 nm 70 nm).
A
to
m
ic
 p
er
ce
nt
 o
f F
e,
 C
r, 
N
i, 
C
u/
%
Fig. 8 3DAP reconstruction map (size of selected box is 3 nm 2 nm
and Ni(blue) atoms in a Cu-rich segregation area (a); and a concentrat
g-matrix of the sample aged at 650 1C for 1 h (b).volume v analyzed, i.e.,
Nv ¼Np=v ð2Þ
The calculation results according to above Eqs. (1) and (2)
show that the equaled radius of Cu-rich phase aged at 650 1C
was just changing from about 1.2 nm for 1 h aging to 2.7 nm
for 500 h aging, and the size of the Cu-rich phase kept in nano-
size even for 1000 h aging. Although the density of
Cu-rich particles decreased with aging time, it was still very
high and remained at the level of 7 1022 n/m3 under the aging
condition of 1000 h at 650 1C. Experimental results showed
that only Cu atoms can easily concentrated and quickly
precipitated from the matrix at very beginning of aging time.
It means that the typical hardening effect as shown in Fig. 1 is
developed by nano-size Cu-rich particle precipitation.
The enlarged area including just one Cu-rich particle and
adjacent matrix selected from Fig. 7(b) (as the arrow shown) is
shown in Fig. 8(a). In this analyzed area only the main
component atoms (Cu and Fe, Cr, Ni) are shown. It can be
seen that there are still about hundreds of Fe, Cr, Ni atoms in
this Cu-rich segregation area when aged at 650 1C for 1 h, and
the interphase boundary between precipitate and matrix is not
very clear. A concentration depth proﬁle through the Cu-rich
segregation area is shown in Fig. 8(b). It shows that the
composition proﬁles are asymmetric across one Cu-segregated
area with adjacent g-matrix, and the Cu compositions undergo
a sharp transition across the Cu-rich particle and austenitic
matrix interface. Although the composition in the Cu-rich
segregation area is ﬂuctuant, the Cu atom concentration is
increasing from the edge to the center of Cu-rich segregation
area and reaches the highest concentration at the center of
Cu-rich segregation area, while the other composed atoms
such as Fe, Cr and Ni appear inverse tendency. However, even
in the center of Cu-rich segregation area Fe are still the main
composed atoms with some Cr and Ni atoms. The segregation
area is still a Fe-base solid solution with similar chemical0 1 2 3 4 5
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C.-y. Chi et al.182composition to 18Cr-9Ni austenitic steel and the concentra-
tion of Cu in this particle is only 20 at%. We consider that this
is the early stage of Cu-rich phase precipitation, and this Cu
concentration area should be called a Cu-rich segregation area
(or Cu-rich cluster).
The concentration depth proﬁle change of main composed
elements in a Cu-rich particle with aging times (from 5 h to
500 h) is shown in Fig. 9. The Cu atom concentration increases
sharply from the interphase boundary to the center of Cu-rich
particle as shown in Fig. 9(a). The other composed elements
(such as Fe, Cr, Ni) reveal inverse tendency as shown in
Fig. 9(b), (c) and (d). It is conﬁrmed that gradual composition
change in Cu-rich concentration of Cu atoms to the segrega-
tion areas developed the Cu-rich phase formation. At 650 1C
aging for 5 h, more Cu atoms concentrate to Cu-rich segrega-
tion area and the highest concentration of Cu atoms reached to
about 45 at% (see Fig. 9(a)), while the concentration of Fe in
Cu-rich segregation area decreased to about 45 at% (see
Fig. 9(b)). During the aging Cu atoms continuously concen-
trated into Cu-rich segregation area, and Cu element gradually
became the major composition atoms with aging time. And
there must be a time that the Cu atom concentration is higher
than 50%, then the Cu-rich segregation area becomes a Cu-
base solid solution with some Fe, Cr and Ni atoms, which can
be deﬁned that the Cu-rich phase has just formed.0
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Fig. 9 Atomic concentration depth proﬁle through a Cu-rich
particle selected in specimen aged at 650 1C for different times: Cu
(a), Fe (b), Cr (c), Ni (d).3.4. Discussion
3.4.1. Cu-rich phase precipitation behavior in austenitic heat
resistant steel
The microstructure analyses by SEM, TEM and 3DAP show
that Cu-rich phase and secondary MX type phase precipitates
mainly distributed in the grains, and M23C6 phase precipitates
mainly at grain boundaries for long time aging till 10,000 h at
650 1C, which are in agreement with thermodynamic calcula-
tion results.
There are about 3 wt% Cu is added in this steel. According
to Fe-Cu binary phase diagram, only about 1 wt% Cu can be
soluted in g Fe matrix [35]. After high temperature solid
solution treatment for this investigated austenitic steel, all Cu
atoms solute in g matrix as indicate in Fig. 7 to form a
supersaturation Cu-rich austenitic matrix, which will develop
a high driving force for Cu to precipitate from matrix at
650 1C aging. The clear detection of Cu-rich segregation areas
by unique 3DAP technology just after 1 h aging at 650 1C as
shown in Fig. 7(b) conﬁrms the special tendency of quick
precipitation of Cu-rich particles from g matrix.
The Cu-rich phase precipitation in 18Cr9Ni3CuNbN heat
resistant steel is a gradual phase formation sequence without
crystallographic transformation. At ﬁrst the Cu atoms concen-
trate quickly to form Cu-rich segregation areas, then Cu atoms
step by step diffuse from g matrix to Cu-rich segregation areas
(see Fig. 9(a)). This process is accompanying with the other
elements (such as Fe, Cr, Ni etc) diffusion from Cu segregation
areas to g-matrix, as shown in Fig. 9(b) and (d). When the
Cu-rich segregation areas become a Cu-base solid solution (more
than 50 at% Cu), the Cu-rich phase has been formed. However,
Cu atoms keep concentrating into Cu-rich phase and the other
elements are continually rejected from Cu-rich phase to g-matrix.
Cu atoms can increase to a high level in the central part of
Cu-rich phase and reach 90 at% after 500 h aging at 650 1C as
Fe–Cr–Ni type austenitic heat resistant steel for USC power plant application 183shown in Fig. 9(a). We deﬁne that Cu-rich particles at early stage
of precipitation are Cu-rich segregation areas with the Cu
content less than 50 at%. When the Cu content reaches
50 at% and more, the Cu-rich phase has formed. The precipita-
tion of Cu-rich phase is a composition continuously change
process without crystalographic structure transformation.
The coherent interphase boundaries of Cu-rich phase with
g-matrix which has same FCC crystallographic structure as
shown in Fig. 6 lead to a low interfacial energy. It implies that
the presence of nucleation barrier is low. This is one of the
reasons for rapid nucleation and high density distribution of
Cu-rich areas in 18Cr9Ni3CuNbN heat resistant steel aged at
650 1C (see Fig. 6(b)). The high saturation of Cu at as–quenched
austenitic matrix (see Fig. 6(a)) is the other reason for quick
precipitation of Cu-rich particles (high chemical driving force).
Low interfacial energy and decreasing concentration of Cu atoms
in matrix may contribute to the stability of Cu-rich phase, and
therefore the Cu-rich phase can keep in nano-size and distribute
at high density during long time aging process.250nm 
Fig. 10 TEM images of aged 18Cr9Ni3CuNbN heat res
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Fig. 11 The change of Cu-rich phase average diameters (a) and
aging times.3.4.2. Strengthening effect of Cu-rich phase
Cu-rich phase and g-matrix both characterize with FCC
crystallographic structure and have very close lattice para-
meter data. It conﬁrms again that the coherent relationship
keeps between Cu-rich phase and g-matrix (see Fig. 10(a))
during precipitation. After long aging for 10,000 h at 650 1C,
the Cu-rich phase still keeps nano-size as shown in Fig. 10(b).
It can be clearly seen that dislocations interaction with Cu-rich
phase particles and the dislocation moving are effectively
blocked by Cu-rich phase.
These ﬁne coherent Cu-rich phase precipitation with high
density in grains cause quick increasing of precipitation
hardening at the beginning of 650 1C aging. The growth rate
of Cu-rich phase is very slow during long time aging till
10,000 h at 650 1C as shown in Fig. 11. The average size of
Cu-rich phase can still keeps in about 34 nm at 650 1C aging
for 10,000 h. It represents that Cu-rich phase is a very stable
precipitation phase which develops excellent high temperature
creep strength for 18Cr9Ni3CuNbN heat resistant steel. The200nm 
istant steel at 650 1C for 5000 h (a) and 10,000 h (b).
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precipitates volume fraction (b) in Super304 H at 650 1C with
C.-y. Chi et al.184experimental results of volume fractions of Cu-rich phase and
MC phase change with aging time are shown in Fig. 11(b).
The volume fraction of MX is the sum of undissolved MX at
solid solution treatment condition and secondary MX pre-
cipitates during long-time aging, and it is mainly stable and
only increases slightly during aging time. Fig. 11(b) clearly
shows that the volume fractions of Cu-rich phase are several
times higher than MX phase during 650 1C long time aging.
TEM observation results show that not only the size of Cu-
rich phase is ﬁner than MX phase but also the density of Cu-
rich phase is also much higher than MX phase. The micro-
hardness results and room temperature tensile strengths as
shown in Fig. 1 indicate that strengthening effect starts from
the very beginning of 650 1C aging. At this early stage of aging
there are mainly Cu-rich particles homogeneously distributed
precipitates in grains. So the quick increasing of micro-
hardness and tensile strength are mainly contributed by the
precipitation of Cu-rich particles at the beginning of aging.
The micro-hardness and room temperature strengthens can
still keep in a high level at 650 1C aging time, which explain
the unique strengthening effect of Cu-rich phase precipitation.
Above mentioned experimental results conﬁrm that the
addition of Cu to advanced austenitic heat resistant steels
can cause an excellent high temperature strengthening effect
by inducing nano-size Cu-rich phase precipitation. To develop
USC fossil power plants with higher steam parameters, the
contents of Cr and Ni should be increased from the view point
of corrosion and oxidation resistance. In order to improve the
strength of high Cr and Ni content austenitic heat resistant
steel, the addition of Cu to induce Cu-rich phase precipitation
combined with the addition of Nb and N for MX phase
precipitation strengthening is strongly suggested. The further
development of advanced austenitic heat resistant steels may
contain with high contents of Cr and Ni to meet the
requirement of corrosion/oxidation resistance and coupled
with Cu-rich phase and nano-size MX in grains for precipita-
tion strengthening and to add B also for stabilization M23C6
phase at grain boundaries and grain boundary strengthening.
This hypothesis is just going for our further research.4. Conclusions(1) Thermal-calc calculation results and experimental ana-
lyses on 18Cr9Ni3CuNbN heat resistant steel aged at
650 1C for up to 100,000 h have conﬁrmed that spherical
nano-size Cu-rich phase with nano-size secondary MX
phase precipitate mainly in grains, and globular Cr23C6
carbide precipitates mainly at grain boundaries. Cu-rich
phase is the most important strengthening phase because
of its high volume fraction, stability and homogenous
distribution with high density within grains.(2) 3DAP analyses results show that Cu atoms are fully
soluted in g-matrix after high temperature solid solution
treatment. This Fe–Cr–Ni austenitic matrix with high
saturation of Cu induces nano-size (about 1 nm only in
average radius) Cu-rich segregation areas with homo-
geneous distribution precipitates rapidly just after 650 1C
for 1 h. The copper content is gradually increasing in Cu-
rich segregation areas, and the other elements, such as
Fe, Cr and Ni, diffuse away from the Cu-rich segregation
areas to g-matrix with the increasing of aging time at650 1C. The evolutionary change from Cu-rich segrega-
tion areas to Cu-rich phase has gradually completed
when Cu content in Cu segregated areas is higher than
50 at% after certain time aging at 650 1C. The precipita-
tion of Cu-rich phase is just a gradually chemical
composition change process without crystallographic
structure transformation because of the same FCC
crystallographic structure and close lattice parameters
of Cu-rich phase and g-matrix. During long time aging
Cu-rich phase keeps coherent relationship with matrix.(3) The precipitation of Cu-rich phase is a diffusion con-
trolled process. The gradual consumption of Cu in
matrix and low diffusion coefﬁcient of Cu atom in g-
matrix makes the Cu-rich phase stable during 650 1C
aging. The average size of Cu-rich phase is only about
34 nm even aging for 10,000 h at 650 1C.
(4) Coherent nano-size Cu-rich phase with high density
distribution in grains effectively blocks dislocation mov-
ing and contributes unique high temperature creep
strength to 18Cr9NiCuNb austenitic heat resistant steel.(5) Nano-size Cu-rich phase is a very effective strengthening
phase for austenitic heat resisting steels. The addition of
Cu for precipitation strengthening in Fe–Cr–Ni type
austenitic heat resisting steels is a good method to
develop high strength and high corrosion/oxidation
resisting advanced austenitic steels.Acknowledgments
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